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Introduction 66
The pancreas, an abdominal organ located behind the stomach, is composed of two major 67 functional compartments. The exocrine pancreas, mainly comprised of acinar cells, aids 68 digestion by secreting digestive enzymes amylase and lipase via pancreatic ducts into the 69 duodenum while the endocrine pancreas, consisting of the islets of Langerhans, maintains 70 normal glucose homeostasis. Islets are interspersed within the exocrine pancreas and consist 71 of five different endocrine cells required for energy metabolism. The β-cells comprise 50-72 80% of the islets 1 and are responsible for secreting insulin in response to changes in glucose 73 levels. Perturbations in the function of endocrine and exocrine cells leads to the development 74 of life-burdening and/or threatening diseases such as diabetes and pancreatic cancer. While 75 diabetes is characterized by hyperglycemia resulting from defects in insulin secretion, insulin 76 action, or both 2 , pancreatic ductal adenocarcinoma, a major form of pancreatic cancer in 77 humans, results from the abnormal proliferation of the exocrine cells in response to oncogenic 78 mutations 3 . To date many protein coding genes necessary for pancreas development and 79 function have been identified, but the role of the majority of small RNAs is still unclear. 80 81 Micro-RNAs (miRNAs) are short (~21-22 nt long) non-coding RNAs, which have emerged in 82 the last two decades as buffers of signalling pathways to maintain normal tissue development 83 and function 4 . Mature miRNAs function as evolutionarily conserved post-transcriptional gene 84 regulators that mainly decrease the stability or inhibit translation of messenger RNAs 85 (mRNAs) through binding to complementary sequences 5 . A single miRNA can impact the 86 regulation of hundreds of genes with multiple targets 6 within cellular networks that enable 87 modulation of entire pathways in the context of an individual biological process 7 . Many 88 miRNAs are conserved in sequence between distantly related organisms, suggesting that these 89 molecules participate in essential processes. Recently, a study identified 3,707 novel mature 90 miRNAs by analyzing 1,323 short RNA sequencing samples from 13 different human tissue 91 types 8 , providing evidence that the repertoire of human miRNAs is far more extensive than 92 that of public repositories and of what was previously anticipated 9 . Interestingly, many of the 93 newly discovered miRNAs possess tissue specific patterns, akin to proteins. The functional 94 impact of these miRNAs on various diseases remains to be investigated. 95
96
In the pancreas, conditional deletion of the miRNA processing endonuclease Dicer at the 97 onset of pancreatic development (e9.5) using a Pdx1-Cre strain results in defects in all 98 pancreatic lineages with dramatic reduction in the ventral pancreas as well as a reduction in 99 the overall epithelial contribution to the dorsal pancreas at e18.5 10 . Postnatal Dicer ablation in 100 the β-cells using the conditional RIP2-Cre 11, 12 or Pdx1-CreER 13 strain impairs islet 101 architecture, insulin secretion, and β-cell mass while deletion of Dicer in the acinar cells using 102 the Mist1-CreERT mice 14 promotes epithelial to mesenchymal transition accompanied by 103 acinar to ductal metaplasia. Although previous findings demonstrate important roles for Dicer 104 in the pancreas, in vivo studies investigating the role of individual miRNAs in pancreas 105 development and endocrine and exocrine function are limited. Furthermore, the majority of 106 investigated miRNAs do not have pancreas-specific expression. 107 108 Tissue-specific patterns of gene expression play fundamental roles in tissue development and 109 function 15 . Although the majority of miRNAs are ubiquituosly expressed, some miRNAs 110 exhibit tissue-specific 8 or developmental-stage-specific expression patterns and contribute to 111 maintaining normal tissue identity and function 16 . Furthermore, tissue-specific miRNAs are 112 associated with various human diseases such as cardiovascular disease 17 and cancer 18 . 113 Therefore, it is critical to unravel the tissue specific regulatory networks to better understand 114 the molecular mechanisms underlying diseases and identify new disease genes. In this study, 115
we hypothesized that pancreas-enriched miRNAs have specific, critical roles for pancreas 116 development and/or function and hence sought to identify miRNAs enriched in the pancreatic 117 cells. Our results show that miR-216a is a pancreas-specific miRNA with critical functional 118 roles in both endocrine and exocrine cells. 119
Results 121
To identify the miRNAs that are enriched in pancreatic islets, we performed miRNA profiling 122 from adult human islets and compared it to embryonic stem (ES) cells. We identified nine 123 miRNAs that showed greater than 3-fold expression in human islets compared to ES cells 124 ( Figure 1a) . Out of the nine miRNAs identified, only miR-216a showed a pancreas-specific 125 expression pattern (Figure 1b ) while the eight other miRNAs were ubiquitously expressed in 126 the analyzed tissues (Suppl. Figure 1a) . To examine whether miR-216a levels are changed 127 during endocrine cell development, we differentiated human ES cells to pancreatic like cells., 128
When comparing sequential timepoints, the single largest increase in levels of miR-216a 129 occurred on day 14 (Figure 1c ) of the differentiation protocol, which marks the generation of 130 PDX1 + /NKX6.1 + pancreatic endocrine progenitor cells 19 . miR-216a levels further increased 131 during differentiation, reaching the highest levels at the final stage of differentiation (days 26-132 33), correlating with the presence of pancreatic endocrine cells. To further investigate miR-133 216a expression during development, we performed in situ hybridization with human fetal 134 pancreatic tissue using DIG labelled miR-216a-LNA probes. There was a faint staining in the 135 pancreatic tissue at the gestational time 8 weeks 4 days (8W 4d) (Figure 1d ), during the time 136 when insulin and glucagon double positive cells emerge 20 . However, we detected strong miR-137 216a staining in the branching pancreatic epithelium that harbor PDX1+ / NKX6.1+ 138 pancreatic endocrine progenitor cells 20 . Analysis of human adult pancreas also revealed strong 139 pancreatic miR-216a staining with further enrichment in pancreatic islets (Figure 1d ). To 140 further investigate the specificity of miR-216a for pancreatic tissue, we performed in situ 141 hybridization on kidney capsule grafts obtained from mice and rats implanted with pancreatic 142 progenitor cells that had developed to endocrine cells 21 . There was strong reactivity for miR-143 216a in the grafts whereas neighboring kidney sections had no detectable staining (Suppl. 144
Figure 1b
). We next examined the miR-216a sequence across diverse species and found it to 145 be highly conserved (Figure 1e ), suggestive of a functional importance. A thorough tissue 146 expression analysis from C57BL/6 mice showed miR-216a levels were specifically expressed 147 in the pancreas with further enrichment in pancreatic islets (Figure 1f ), akin to our results 148 with human tissues, suggesting a role for miR-216a miRNA in islet development and/or 149 function. 150
151
To explore the role of miR-216a in pancreatic islet function in vivo, we generated miR-216a 152 knock-out mice (miR-216a KO) in which the precursor sequence of miR-216a (pre-miR-216) 153 was deleted by homologous recombination 22 . qRT-PCR analysis for miR-216a using total 154 RNA from isolated islets of miR-216a KO mice revealed that miR-216a was not detected 155 (Suppl. Fig 2a) . KO mice were viable and there were no significant differences in fasting 156 body weight, blood glucose and insulin levels from newly weaned 3-4 weeks old miR-216a 157 KO and littermate wild-type (WT) mice (Suppl. Fig 2b-d) . Pancreas weight and pancreatic 158 cell size were unchanged (Suppl . Fig 2e-f) . We next monitored the miR-216a KO mice 159 weekly for over 20 weeks for changes in body weight and blood glucose levels. miR-216a KO 160 mice were comparable to WT littermate controls (Figure 2a Figure 2f ). We next assessed whether islets from miR-216a KO 165 mice had altered insulin secretion ex vivo. Glucose (16.7 mM) stimulated insulin secretion 166 from miR-216a KO islets was comparable to WT islets albeit insulin release was significantly 167 lower at 2.8 mM glucose (Figure 2f ). Correspondingly, islets isolated from the miR-216a KO 168 mice appeared generally smaller than the WT islets (Figure 2g, h) , and lacked the bigger 169 islets with a trend towards an increased number of smaller islets (Figure 2i ). To analyze the 170 effect of miR-216a KO on islet structure in more detail, we performed immunostaining with 171 fixed pancreas tissue harvested from 21-week old adult mice. Immunostaining with insulin and glucagon antibodies demonstrated that β-cell mass was significantly reduced in the miR-173 216a KO mice while a-cell mass was unchanged (Figure 3a-c) . Islet circularity and the 174 location of a-cells were unchanged (Suppl. Fig 3a) . Consistent with the isolated islet data, 175 the area of islets determined by synaptophysin immunostaining was significantly smaller in 176 miR-216a KO mice (Figure 3a, d To explore the reasons for smaller islet size and reduced β-cell mass in miR-216a KO mice, 185
we first examined the key hormones and transcription factors regulating endocrine cell 186 identity. Expression of Insulin, Glucagon, Pdx1, and Nkx6.1 were not changed in islets from 187 miR-216a KO mice (Suppl. Fig 4a) . We next investigated whether miR-216a alters cell 188 migration and proliferation. Regulation of islet size is complex and involves cellular 189 processes such as fusion, fission, growth and migration 23 . Cell migration is critical for both 190 islet formation and the movement of islets away from ducts 24,25 . We transfected pancreatic 191 ductal adenocarcinoma PANC-1 cells that have very low miR-216a levels (not shown) and 192 migration ability with control (ctrl) or miR-216 mimetics and performed a migration assay 193 using transwell chambers. Quantification of the cells that traversed the boyden chambers 194 demonstrated that miR-216a more than doubled the number of migrating cells compared to 195 untransfected and control miRNA transfected wells (Figure 4a ). We next assessed the 196 migration ability of miR-216a KO islet cells ex vivo. We coated cell culture plates with the 197 matrix secreted by 804G cells and monitored the spreading of islets by light microscopy. Five 198 days post-seeding, more WT islets spread compared to miR-216a KO islets while miR-216a 199 KO islets had more defined borders (Figure 4b) . 200 TGF-β signalling regulates pancreatic epithelium branching and cell migration to form islet 201 clusters 26 . It has been previously shown that miR-216a expression is regulated by TGF-β 202 signalling and alters expression of Pten 27,28 and Smad7 28 . To investigate the potential 203 signalling pathways regulating miR-216a expression in the pancreas, we treated EndoC-βH1 204 cells, which have high endogenous miR-216a levels, with a TGF-β agonist TGF-β1 and the 205 inhibitor SB431542 and measured miR-216a levels by qPCR. TGF-β1 treatment significantly 206 increased miR-216 expression and inhibition of TGF signalling with SB431542 significantly 207 decreased miR-216a levels (Figure 4c-d) . We next examined mRNA levels of potential miR-208 216a target genes in the pancreatic islets of WT and miR-216a KO mice. qRT-PCR analysis 209 from islets of WT and miR-216a KO mice indicated that Smad7 expression was significantly 210 upregulated in the miR-216a KO islets whereas Pten levels were not changed (Figure 4e) . repetition of the oral glucose tolerance test 6 weeks after HFD feeding showed no differences 241 in blood glucose levels (Figure 5f ). However, miR-216a KO mice showed a trend towards 242 reduced insulin secretion with significance at the basal time-point prior to oral glucose 243 delivery (Figure 5g ). Insulin tolerance tests performed three and eight weeks after HFD 244 feeding indicated similar insulin sensitivity of miR-216a KO and WT mice (Figure 5h-i) . 245
Consistent with the reduced insulin secretion observed in the miR-216a KO mice, the animals 246 had significantly reduced β-cell mass compared to controls (Figure 5j,l) . In agreement with 247 reduced β-cell mass, miR-216a KO mice had decreased circulating miR-375 levels ( Figure  248 5m), a miRNA that is highly expressed in the β-cells 32 and is detected in the circulation 33, 34 . 249
We next measured plasma insulin and proinsulin levels to investigate whether the decreased 250 β-cell mass was reflected in circulating insulin levels and whether β-cell work load was 251 comparable between WT and miR-216a KO mice. Plasma insulin levels were comparable 252 between WT and KO mice however, proinsulin levels were significantly decreased in the 253 miR-216a KO mice ( Figure 5 n-o) , suggesting increased insulin processing in the KO β-cells 254 to meet the metabolic demands. The degree of cell proliferation was comparable in the WT 255 and miR-216a KO β-cells as assessed by PCNA immunostaining (Figure 5 j,p) . To examine 256 islet size, pancreata were immunostained for synaptophysin ( Figure 5 k) . Like mice on chow 257 diet, miR-216a KO mice fed HFD also had significantly smaller islets (Figure 5q) , with 258 increased frequency of smaller islets and decreased occurrence of larger islets (Figure 5r) . 259
Overall, these data indicate that under metabolically stressed condition of HFD, miR-216a 260 KO mice secrete lower insulin during a glucose challenge and have decreased islet size with 261 reduced β-cell mass and increased markers of β-cell stress. 262
263
Although we determined that Smad7 expression was increased in the islets of miR-216a KO 264 mice, we sought to perform a global analysis to further explore signalling pathways targeted 265 by miR-216a in the whole pancreas. We performed RNA-sequencing from the pancreata of 266 one day old WT and miR-216a KO mice. The RNA integrity number (RIN) obtained from the 267 pancreata of miR-216a KO mice were all above 8 and suitable for RNA-sequencing (not 268 shown). We examined the top 50 most abundant genes expressed in WT and miR-216a KO 269 pancreata and observed the expected abundance for Amylase, Trypsin and Insulin, yet they 270
were not significantly different between WT and miR-216a KO mice (Figure 6a) . 271 Differential gene expression analysis from all the transcripts using an adjusted p-value < 0.05 272 revealed 409 genes were differentially expressed between WT and KO pancreata (Suppl. table 1). To identify more globally the affected biological processes in the miR-216a KO 274 pancreata, we next performed a Gene Ontology analysis and found cell cycle to be most 275 significantly altered (Figure 6b) . Similarly, KEGG pathway analysis indicated cell cycle, 276 DNA replication and repair pathways were statistically different in the miR-216a KO versus 277 WT pancreata (Figure 6c ). Next, we compared the expression of genes involved in cell cycle 278 pathways between WT and miR-216a KO pancreata and observed that many cyclin dependent 279 kinases (e.g: Cdk4, Cdk1) and cyclins (e.g: Ccne1) as well as DNA replication genes (e.g: Figure 7c) . In 307 Kras G12D ;Ptf1a CreER ;miR-216a (-/-) mice there was more than 2-fold reduction in the Alcian 308 blue + area compared to Kras G12D ;Ptf1a CreER ;miR-216a (+/+) mice. (Figure 7d) . These data 309 indicate that acinar cells from the miR-216a (-/-) mice have less propensity than miR-216a (+/+) 310 mice to form PanINs and acinar to ductal metaplasia in response to oncogenic KRAS. 311
Discussion 313
We predicted that pancreas-enriched miRNAs likely have specific, critical roles for pancreas 314 development and/or function and hence sought to identify miRNAs enriched in pancreatic 315 cells. Our results show that miR-216 is a highly conserved pancreas-specific miRNA with 316 roles in both endocrine and exocrine cell function. In the endocrine pancreas, we found that 317 miR-216a regulates β-cell mass and islet size by increasing cell proliferation and migration. In 318 the exocrine pancreas, miR-216a regulated cell cycle and proliferation and deletion of miR-319 216a decreased the formation of PanINs, implicating miR-216a in the progression of 320 pancreatic pathologies such as diabetes and cancer. 321 miR-375 was the first reported islet "specific" miRNA 32 with a role in maintaining normal a-322 and β-cell mass 45 . To our knowledge our study is the first to identify a pancreas-specific 323 miRNA with functional roles in both endocrine and exocrine pancreas. Although we also 324 observed an enrichment for miR-375 in human and mouse islets, it is also expressed at high 325 levels in other tissues and non-pancreatic roles for this miRNA have been identified, such as 326 in the regulation of gut mucosal immunity 46 MiR-216a-/-mice were crossed with WT C57BL/6 mice for at least 3 generations before use 434 in experiments and maintained on a C57BL/6 background obtained from the University of 435 and P. Ravassard) were cultured on ECM-fibronectin-coated (1% and 2 µg/ml, respectively) 482 (Sigma-Aldrich) culture wells and maintained in DMEM (Sigma Aldrich) that contained 5.6 483 mM glucose, 2% BSA fraction V (Roche Diagnostics), 50 µM 2-mercaptoethanol, 10 mM 484 nicotinamide (Sigma-Aldrich), 5.5 µg/ml transferrin (Sigma-Aldrich), 6.7 ng/ml selenite 485 (Sigma-Aldrich), 100 U/ml penicillin, and 100 µg/ml streptomycin. For transfections, cells 486 were plated on 6-well plates (unless stated otherwise), and the next day 50-70% confluent 487 cells were transfected with miR-216a (50 nM) and miRNA controls (50 nM) using RNAimax 488 (Life Technologies) following manufacturer`s instructions. To control for tranfection effects, 489 at least 3 wells were left untransfected. The protocol for differentiating CA1S human ES cells 490 into pancreatic endocrine cells was described elsewhere 19 . 491 all samples and an adjusted p value < 0.05 (adjusted by Benjamini-Hochberg method) 617 between wild type and control mice. Significantly enriched terms for Biological Process, 618 Cellular Components, and Molecular Functions were identified using the categoryCompare 619 package (version 1.28.0) 73 
